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(57) ABSTRACT

A hydrogen-fuelled gas turbine engine has a fuel input path
from a fuel mput of the engine to a combustor, the engine
turther comprising a heat-exchanger located 1n the fuel input
path and a fuel turbine located 1n the fuel input path between
the heat-exchanger and the combustor. The heat-exchanger
1s arranged to receive waste heat from the engine core 1n
order to heat hydrogen fuel introduced at the tuel input prior
to input thereof to the combustor. The engine further com-
prises an air compressor arranged to be driven by the fuel
turbine. The engine provides for most of the waste heat of
combustion to be recovered and used without the need for
heavy electrical or mechanical apparatus and i1s therefore
particularly advantageous in aeronautical applications.
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HYDROGEN-FUELLED GAS TURBINE
ENGINE WITH FUEL-TO-AIR
TURBOCHARGER

CROSS-REFERENCE TO RELATED
APPLICATIONS

This specification 1s based upon and claims the benefit of
priority from United Kingdom patent application number

GB 2207929.7 filed on May 30, 2022, the entire contents of
which 1s incorporated herein by reference.

BACKGROUND
Technical Field

The disclosure relates to hydrogen-fuelled gas turbine
engines and to aircrait comprising such engines.

Description of the Related Art

Waste heat generated within, and output by, the core of a
hydrogen-fuelled gas turbine engine during its operation
represents 1n theory an opportunity for recovery of large
amounts ol power which might be used to improve engine
ciliciency, or to provide power for use at the airframe level
in the case of acronautical applications. In the case of a large
civil aero engine, potentially more than 5 MW might be
available to be recovered. However, whilst very large
amounts of power might be recovered in theory, the handling
and use of large amounts of recovered power presents a
technical challenge in terms of harnessing the recovered
power 1n the most eflective way possible, especially in
acronautical applications. For example, in the case of con-
version ol recovered heat to electrical power, a 5 MW
clectrical generator might have a mass of between 250 kg
and 500 kg (based on typical power densities in the range
10-20 kW/kg) and such conversion would also require
associated power electronics (125-200 kg), large cables, as
well as means for using the electrical power. Thus, conver-
sion of large amounts of recovered heat to purely electrical
power 1s not likely to be practical in aeronautical applica-
tions. Conversion of waste heat to purely mechanical power
which 1s then mput to a shaift of the engine 1s another
possibility but would also have an unacceptable weight
penalty 1n aeronautical applications due to the weight of
mechanical gearing that would be required.

SUMMARY

A first aspect of the disclosure provides a hydrogen-
tuelled gas turbine engine having a fuel iput path from a
tuel 1input of the engine to a combustor thereol, the engine
turther comprising a heat-exchanger located 1n the fuel 1nput
path and a fuel turbine located in the fuel input path between
the heat-exchanger and the combustor, wherein the heat-
exchanger 1s arranged to receive waste heat from the engine
core 1n order to heat hydrogen fuel introduced at the fuel
input prior to mput thereol to the combustor, the engine
turther comprising an air compressor arranged to be driven
by the fuel turbine. The engine allows the energy of waste
heat generated during 1ts operation to be recovered and used
without the need for heavy electrical of mechanical appa-
ratus. An engine of the disclosure 1s therefore particularly
advantageous 1n aeronautical applications.
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The heat-exchanger may be a recuperator arranged to
receive combustion gases output from the turbine section of
the engine.

The engine may further comprise a second heat-ex-
changer located 1n the fuel input path between the recupera-
tor and the fuel turbine, the second heat-exchanger being
physically disposed between first and second compressor
stages of the engine, the first compressor stage being located
upstream of the second compressor stage, and the recupera-
tor being arranged to heat hydrogen fuel mtroduced at the
fuel mput to a temperature below the discharge temperature
of the first compressor stage.

The engine may further comprise a third heat-exchanger,
the third heat-exchanger being a second recuperator located
in the fuel mput path between the second heat-exchanger
and the fuel turbine, the second recuperator being physically
located between the turbine section of the engine and the
first recuperator and arranged to recerve combustion gases
output from the turbine section of the engine.

The engine may further comprise a heat exchanger
arranged to transier heat from air output by the air com-
pressor to gaseous hydrogen fuel introduced at the fuel input
prior to mput of the gaseous hydrogen fuel to the combustor.

The engine may be a turbofan engine, a turboprop engine,
a turboshait engine or a turbojet engine.

A second aspect of the disclosure provides an aircraft
comprising an engine according to the first aspect, the
engine being arranged to provide at least one of propulsive
thrust and lift to the aircraft, the aircrait further comprising
air flow ducting arranged to deliver air output by the air
compressor to one or more parts ol the aircraft and an air
scooping arrangement arranged to direct ambient air to the
alr compressor i operation of the aircratt.

The airflow ducting may be arranged to deliver air output
by the air compressor to one or more ol an engine cowling,
an engine nacelle, a pylon, a wing and the fuselage of the
aircraft.

The air flow ducting may be arranged to provide air for
boundary layer disruption at one or more surfaces of the
aircraft.

The air flow ducting may be arranged to provide air for
de-1cing of one or more surfaces of the aircrait, for example
a wing surface of a wing of the aircratt.

The aitrcraft may further comprise an air turbine, the air
flow ducting being arranged to deliver air output by the air
compressor to the air turbine.

A portion of the air flow ducting may be arranged to
deliver air output from the air turbine to one or more or
systems of the aircrait requiring cooling during operation of
the aircraft, for example one or more of an electronic system,
an environmental control system, an actuation system and an
engine o1l system of the aircraft.

The air flow ducting may be arranged to deliver air output
from the air compressor to a pneumatic system of the
aircrait. The pneumatic system may be arranged to control
variable stator vanes of the engine.

The air flow ducting may be arranged to deliver air output
by the air compressor to at least one of an environmental
control system of the aircraft and a cabin or cockpit of the
aircraft to provide heat to the environmental control system,
or to the cockpit or cabin, as the case may be.

The aircrait may further comprise a store of liquid hydro-
gen, a vaporiser arranged to vaporise liquid hydrogen from
the store to produce gaseous hydrogen fuel for mnput to the
fuel 1nput of the engine, the aircrait further comprising a
heat exchanger arranged to transier heat from the vaporiser
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to gaseous hydrogen fuel introduced at the fuel input prior
to 1nput of the gaseous hydrogen fuel to the combustor of the
engine.

The engine, or the aircraft, may further comprise an

clectric generator arranged to be driven by the air compres-
sor 261.

DESCRIPTION OF THE DRAWINGS

Embodiments of the disclosure are described below by
way ol example only and with reference to the accompany-
ing drawings in which:

FIG. 1 shows an aircraft;

FIG. 2 shows a fuel system of the FIG. 1 aircraft;

FIG. 3 shows part of a hydrogen-fuelled turbofan engine
comprised in the FIG. 1 aircraft;

FIG. 4 shows the hydrogen-fuelled turbofan engine part

of which 1s shown in FIG. 3; and
FIG. 5 shows an alternative to the arrangement of FIG. 3.

DETAILED DESCRIPTION

FIG. 1 shows a plan view of an aircraft 100, the aircraft
100 comprising a fuselage 102, wings 104A, 1048, hori-
zontal stabilisers 106 A, 106B, a vertical stabiliser 108, a fuel
system 120, a fuel supply network 128 and first and second
hydrogen-fuelled turbofan engines 150A, 150B mounted
under wings 104 A, 104B respectively. The stabilisers 106 A,
1068, 108 and the wings 104A, 104 comprise elevators, a
rudder and ailerons respectively which are not shown sepa-
rately in FIG. 1.

FIG. 2 shows the fuel system 120 of the aircrait 100 in
detail. The fuel system 120 comprises a cryogenic fuel tank
122 storing liquid hydrogen fuel, a pump 124 and a vapo-
riser 126. The pump 126 i1s arranged to pump liquid hydro-
gen to the vaporiser 126 which converts the liquid hydrogen
tuel to gaseous hydrogen fuel. The gaseous hydrogen fuel 1s
provided to the hydrogen-fuelled turbofan engines 150A,
1508 wvia the fuel supply network 128. The vaporiser 126
may for example be of a type described in published
European Patent Application EP3978738A1. The hydrogen-
tuelled turbofan engines 150A, 1508 are identical.

FIG. 3 shows part of the first hydrogen-fuelled turbofan
engine 150A. The first turbofan engine 150A comprises a
propulsive fan having fan blades such as 213, a high-
pressure compressor 202, an inter-stage duct 203, a low-
pressure compressor 204, a diffuser 205, a fuelling system
206, a hydrogen combustor 207, a high-pressure turbine
207, a low-pressure turbine 209 and a core exit nozzle 210.
The high-pressure compressor 204 and the high-pressure
turbine 208 are mounted on a high-pressure shait 211; the
low-pressure compressor 202 and the low-pressure turbine
209 are mounted on a low-pressure shait 212. The low-
pressure shaft 212 1s mechanically coupled to the input of a
reduction gear 214; a fan shaft 215 mounts the fan and 1s
mechanically coupled to the output of the reduction gear
214.

The first turbofan engine 150A further comprises a fuel
line 216 which provides a fuel input path from a fuel mput
201 of the first turbofan engine 150A to the combustor 207
thereot, the fuel 1nput path including a recuperator 220 and
a Tuel turbine 252, the fuel turbine 252 being located in the
tuel input path between the recuperator 220 and the com-
bustor 207. The recuperator 220 1s physically located to
receive gaseous combustion products output from the tur-
bine section of the engine 150A, the turbine section com-
prising the high- and low-pressure turbines 208, 209. The
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fuel turbine 252 1s comprised 1n a tuel-to-air turbocharger
250 which further comprises an air compressor 236 arranged
to be driven by the fuel turbine 252. The air compressor 256
1s separate to the compressors 202, 204 of the gas turbine
engine, and does not communicate with core gas turbine
flow. The air compressor 256 1s also decoupled from the core
shafts 211, 212. Optionally, the turbocharger 250 may
include an electrical generator (not shown) arranged to be
driven by the air compressor 2356.

Referring additionally to FIG. 4 the first turbofan engine
150 A further comprises a fan case 217, a nacelle 260, air
scoop 262 and air flow ducting 264. The engine 150A 1s
mounted to the underside of wing 104A by a pylon 270.
Optionally, the engine 150A may further include a heat
exchanger 257 and/or a heat exchanger 258.

In operation of the aircraft 100, gaseous hydrogen 1s
provided from the fuel system 120 to the fuel mput 201 of
the first turbofan engine 150A via the fuel supply network
128. The gaseous hydrogen input at the fuel mput 201 may
for example have a temperature of about —20° C. Heat from
the gaseous combustion products output from the turbine
section 208, 209 of the first turbofan engine 150A passes
into the gaseous hydrogen passing through the recuperator
220, thus heating the gaseous hydrogen prior to input of the
gaseous hydrogen to the fuelling system 206 and the com-
bustor 207 via the fuel turbine 254. Ambient air 263 1s
collected and directed to the air compressor 256 of the
tuel-to-air turbocharger 250 by the air scoop 262. Air tlow
ducting 264 provides air output from the air compressor 256
to the interiors of the nacelle 262 and the pylon 2770; the air
then exits the nacelle 262 and pylon 270 via apertures in
their exterior surfaces, thus reduce the drag of the aircraft.
The airtlow ducting may additionally or alternatively pro-
vide air to the exterior surface of the fuselage 102 of the
aircraft 100 for the same purpose. The air flow ducting 264
may be arranged to provide an air flow for boundary layer
disruption at one or more surfaces of the aircrait 100.

The air flow ducting 264 may extend to wings 104A,
1048 (or other parts) of the aircraft 100 to provide air tlow
to a surface for de-icing, for example wing de-icing. The
ducting 264 may also provide air to a pneumatic system of
the aircraft 100, for example to control variable stator vanes
of the engine 150A, or to a pneumatic actuation system
which replaces a conventional hydraulic actuation system.
Air output by the air compressor 256 may also be used to
provide air input for an environment control system (ECS)
of the aircratt 100.

The air flow ducting 264 may include one or more air
turbines, such as 259, at various locations on the aircraft
100, the air turbines extracting mechanical power from air
output by the air compressor 256 for use in various appli-
cations.

The turbocharger 2350 1s largely self-controlling. For
example, at maximum take-ofl (MTO) the power supplied to
fuel turbine 256 of the turbocharger 250 will be at 1its
operational maximum since the flow of hydrogen fuel into
the combustor 207 and hence the heat captured by the
recuperator 220 are also maximised. The mass tlow rate of
air to the air compressor 256 via the air scoop 262 1s also
maximised at MTO since at ground level the aircrait 100
operates with the densest ambient air encountered during a
flight cycle. During cruise conditions, the fuel tlow rate to
the combustor 207 and the temperature of the core exhaust
of the engine 150A are lower, and the relative speed of air
entering the scoop 262, and 1ts density, are also lower.

The heat exchanger 257, where present, transiers heat
from air output by the air compressor 256 to the gaseous
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hydrogen fuel within the tuel line 216 prior to mput of the
tuel to the fuelling system 206 and combustor 207. In a case
where the vaporiser 126 of the fuel system 120 produces
heat, the heat exchanger 258 may be included to couple heat
from the vaporiser into the gaseous hydrogen fuel prior to
input thereot to the fuelling system 206 and combustor 207.

FIG. 5 shows an alternative to the FIG. 3 arrangement for
the engine core and turbocharger of the engine 150A. In this
case the fuel input path of the engine 150A defined by fuel
line 216 from the fuel mput 201 to the fuelling system 206
and combustor 207 additionally includes a heat-exchanger
224 and a second recuperator 222. In the fuel mput path, the
heat-exchanger 224 1s located between the first and second
recuperators 220, 222 and the fuel turbine 252 of the
tuel-to-air turbocharger 1s located between the second recu-
perator 222 and the combustor 207. The heat exchanger 224
1s physically disposed between the low- and high-pressure
compressors 202, 204 of the turbofan engine 150A and the
second recuperator 222 1s physically disposed within the
engine nozzle 210 between the exit of the turbine section
208, 209 of the engine 150 A and the first recuperator 220. In
operation of the engine 150A with the FIG. 5 arrangement,
the first recuperator 220 recerves less heat from the engine
core of the engine 150A than does the second recuperator
222 and heats the gaseous hydrogen fuel within the fuel line
216 to a temperature below the discharge temperature of the
low-pressure compressor 202. The heat exchanger 224 and
the second recuperator 222 further heat gaseous hydrogen
tuel within the fuel line 216 (fuel mput path) prior to
delivery thereof to the fuelling system 206 and combustor
207 via the fuel turbine 252. Where the FIG. 5 arrangement
1s employed, either or both of the heat exchangers 257, 258
may be included.

The 1nvention claimed 1s:

1. An aircrait comprising a hydrogen-tfuelled gas turbine
engine having a fuel mput path from a fuel mput of the
hydrogen-fuelled gas turbine engine to a combustor thereot,
the hydrogen-fuelled gas turbine engine further comprising,
a heat-exchanger located in the fuel mput path and a tuel
turbine located in the fuel mmput path between the heat-
exchanger and the combustor, wherein the heat-exchanger 1s
arranged to receive waste heat from an engine core 1n order
to heat hydrogen fuel introduced at the fuel input prior to
input thereol to the combustor, the hydrogen-fuelled gas
turbine engine further comprising an air compressor
arranged to be driven by the fuel turbine,

wherein the hydrogen-fuelled gas turbine engine 1s

arranged to provide at least one of propulsive thrust and
lift to the aircraft, and wherein the aircraft further
comprises air flow ducting arranged to deliver air
output by the air compressor to one or more parts of the
aircraft and an air scooping arrangement arranged to
direct ambient air to the air compressor in operation of
the aircratt.

2. The aircraft according to claim 1, where in the heat-
exchanger 1s a recuperator arranged to receive combustion
gases output from a turbine section of the hydrogen-fuelled
gas turbine engine.

3. The aircrait according to claim 2, further comprising a
second heat-exchanger located 1n the fuel iput path
between the recuperator and the fuel turbine, the second
heat-exchanger being physically disposed between first and
second compressor stages of the hydrogen-fuelled gas tur-
bine engine, the first compressor stage being located
upstream of the second compressor stage, and wherein the
recuperator 1s arranged to heat the hydrogen fuel introduced
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at the fuel mput to a temperature below a discharge tem-
perature of the first compressor stage.

4. The aircraft according to claim 3, further comprising a
third heat-exchanger, the third heat-exchanger being a sec-
ond recuperator located 1n the fuel mput path between the
second heat-exchanger and the fuel turbine, the second
recuperator being physically located between the turbine
section of the hydrogen-fuelled gas turbine engine and the
first recuperator and arranged to receive the combustion
gases output from the turbine section of the hydrogen-
fuelled gas turbine engine.

5. The aircrait according to claim 1, further comprising a
second heat exchanger arranged to transfer heat from air
output by the air compressor to gaseous hydrogen fuel
introduced at the fuel input prior to mput of the gaseous
hydrogen fuel to the combustor.

6. The arrcraft according to claim 1, wherein the hydro-
gen-fuelled gas turbine engine 1s a turbofan engine, a
turboprop engine, a turboshait engine or a turbojet engine.

7. The aircrait according to claim 1, wherein the air
compressor 1s arranged to be driven by the fuel turbine via
a shaft, the aircrait further comprising an electric generator
arranged to be driven by the shatt.

8. The aircraft according to claim 1, wherein the airtlow
ducting 1s arranged to deliver the air output by the air
compressor to one or more of an engine cowling, an engine
nacelle, a pylon, a wing and a fuselage of the aircraft.

9. The aircrait according to claim 1, wherein the air flow
ducting 1s arranged to provide air for boundary layer dis-
ruption at one or more surfaces of the aircratt.

10. The aircrait according to claim 1, wherein the air flow
ducting 1s arranged to provide air for de-1cing of one or more
surtaces of the aircratt.

11. The aircraft according to claim 10, wherein the one or
more surfaces of the aircralt comprises a wing surface of a
wing ol the aircrafit.

12. The aircraft according to claim 1, further comprising
an air turbine and wherein the air flow ducting 1s arranged
to deliver the air output by the air compressor to the air
turbine.

13. The aircrait according to claim 12, where a portion of
the air flow ducting 1s arranged to deliver the air output from
the air turbine to one or more systems of the aircraft
requiring cooling during operation of the aircraft.

14. The aircraft according to claim 13, where the one or
more systems of the aircraft requiring cooling during opera-
tion of the aircralt comprise at least one of an electronic
system, an environmental control system, an actuation sys-
tem, or an engine o1l system of the aircrait.

15. The aircraft according to claim 1, where 1n the air flow
ducting 1s arranged to deliver the air output from the air
compressor to a pneumatic system of the aircratt.

16. The aircrait according to claim 135, wherein the
pneumatic system 1s arranged to control variable stator
vanes ol the hydrogen-fuelled gas turbine engine.

17. The aircraft according to claim 1, wherein the air flow
ducting 1s arranged to deliver the air output by the air
compressor to at least one of an environmental control
system of the aircraft and a cabin or cockpit of the aircraift
to provide heat to the environmental control system, or to the
cockpit or cabin.

18. The aircraft according to claim 1, further comprising
a store of liquid hydrogen, a vaporiser arranged to vaporise
liquid hydrogen from the store to produce gaseous hydrogen
tuel for mput to the fuel mput of the hydrogen-fuelled gas
turbine engine, wherein the aircrait further comprises a heat
exchanger arranged to transfer heat from the vaporiser to the
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gaseous hydrogen fuel mtroduced at the fuel mput prior to
input of the gaseous hydrogen fuel to the combustor of the
hydrogen-fuelled gas turbine engine.
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